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We report the behavior of the charge carrier plasmon of 2H -transition metal dichalcogenides (TMDs) as
a function of intercalation with alkali metals. Intercalation and concurrent doping of the TMD layers have
a substantial impact on plasmon energy and dispersion. While the plasmon energy shifts are related to the
intercalation level as expected within a simple homogeneous electron gas picture, the plasmon dispersion changes
in a peculiar manner independent of the intercalant and the TMD materials. Starting from a negative dispersion,
the slope of the plasmon dispersion changes sign and grows monotonously upon doping. Quantitatively, the
increase of this slope depends on the orbital character (4d or 5d) of the conduction bands, which indicates a
decisive role of band structure effects on the plasmon behavior.
DOI: 10.1103/PhysRevB.94.035110
I. INTRODUCTION
Layered, quasi-two-dimensional transition-metal dichalco-
genides (TMDs) harbor a wealth of fascinating physical phe-
nomena. Their metallic representatives, e.g., NbSe2 or TaSe2,
represent ideal systems to study the effects of dimensionality,
doping, or external fields on correlated electronic phases, for
instance, charge density waves (CDW), superconductivity, or
orbital order phenomena [1–7]. Many of the transition-metal
dichalcogenides with a metallic ground state are considered
to be prototype CDW materials. Often, as in 2H -NbSe2 or
2H -TaSe2, the phase transition into the charge ordered state
gives rise to a pseudogap at the Fermi level [8] and at lower
temperatures superconductivity appears [5]. Then, these two
phases seem to coexist. The microscopic origin of these
phenomena, however, still is under debate.
As a consequence of their metallic ground state, these
materials can also host collective density oscillations of
the charge carriers, so-called plasmons, in addition to the
single-particle excitations [9,10]. The energy required to
excite such collective plasmon modes is given by the plasma
frequency ω2p = ne2/0m, which scales with the density n
of the conduction electrons and easily reaches several eV
for ordinary metals (e denotes the elementary charge, m the
electron effective mass, and 0 the free space permittivity).
Furthermore, these plasmons are characterized by a particular
momentum (q) dependence. For a simple metal in the long
wavelength limit, the plasmon dispersion is expected to be
quadratic [9,10],
ωp(q) = ωp(0) + 310
v2F
ωp(0)
q2. (1)
Thereby, vF and m denote the (averaged) Fermi velocity and
the electron mass, respectively. Thus the plasmon dispersion
and its anisotropy harbors information about the Fermi surface.
We note that a positive quadratic plasmon dispersion has
been observed in many systems, among them also correlated
electron systems, and it has been used to achieve Fermi surface
shape and anisotropy in some systems [11–14].
However, the TMD materials revealed an unexpected
behavior beyond the simple equation shown above. The
momentum dependence of the charge carrier plasmon was
observed to be negative, i.e., the plasmon energy shifted to
lower energies with increasing momentum transfer [15,16].
This surprising observation has been discussed on the basis
of different contributions. For instance, it has been proposed
that charge density wave instabilities (below the corresponding
phase transition) and fluctuations (above the phase transition)
in those compounds can cause a negative plasmon dispersion
via their interaction with the plasmon oscillations. This
could be modeled within a semiclassical Ginzburg-Landau
description [16]. On the other hand, band structure calculations
of these compounds have indicated that the negative plasmon
dispersion can be attributed to the particular behavior of the
intraband transitions within the conduction bands that give rise
to the plasmon [17,18]. Moreover, interband transitions may
give additional momentum-dependent screening contributions
which also can alter the plasmon dispersion substantially.
Particular variants of the plasmon dispersion due to contri-
butions from interband transitions have, for instance, been ob-
served in heavier alkali metals [19–21] and alkali intercalated
C60 [22].
In addition, it has also been demonstrated that upon inter-
calation of 2H -TaSe2 with potassium the plasmon dispersion
changes sign to positive values. At the same time the charge
density wave is suppressed with this intercalation and the
concomitant electron transfer to (i.e., doping of) the layers
[23,24].
In order to complement our knowledge on the plasmon
dispersion in various metallic TMDs and its variation due
to doping, we extended the previous work significantly
via the investigation of the plasmon dispersion in KxTaS2,
NaxTaSe2, KxNbSe2, and NaxNbSe2 using electron energy-
loss spectroscopy (EELS) in transmission. This is the method
of choice for the investigation of the momentum dependence
of different excitations in solids [11,16,25,26]. Our results
demonstrate that in all investigated TMD compounds, the plas-
mon dispersion monotonously increases upon charge transfer
to the TMD layers, indicating a universal behavior for these
materials. Moreover, the observed doping dependent variations
indicate a different behavior for the Nb-based compounds
with 4d-derived conduction bands as compared to Ta-based
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compounds with 5d-derived bands, which demonstrates the
importance of band structure effects.
II. EXPERIMENT
Thin films of metallic transition metal dichalcogenides
were prepared by exfoliation of the respective single crystals.
These crystals were grown by thermal gradient using iodine
as a transport agent (TaSe2, NbSe2) [24,27] or commercially
available (TaS2, NbS2) [28], respectively. To obtain films with
a thickness of about 100 nm, the single crystals were cleaved
repeatedly with adhesive tape. These films were then mounted
onto standard electron microscopy grids and transferred
into the spectrometer, where we investigated the electronic
excitation spectrum using electron energy-loss spectroscopy
in transmission. Previously, this procedure had already been
applied successfully to TMD materials [15].
All electron energy-loss measurements were carried out
using the 172 keV spectrometer described in detail elsewhere
[29,30]. The energy and momentum resolution were chosen to
be 82 meV and 0.04 ˚A−1 at room temperature. EELS probes
the loss function Im[−1/(q,ω)], which is proportional to the
dynamic structure factor S(q,ω), for a momentum transfer q
parallel to the film surface [(q,ω) is the dielectric function].
Prior to the inelastic measurements on pristine samples, all
films have been characterized using in situ electron diffraction.
These diffraction data confirmed the high crystallinity of
the films in all cases (see previous publications for details:
Refs. [15,23]).
The samples were intercalated with sodium and potassium
by thermal evaporation from commercial SAES (SAES GET-
TERS S.P.A., Italy) alkali metal dispensers under ultrahigh
vacuum conditions (base pressure below 10−10 mbar). Interca-
lation was performed stepwise in discrete intervals of 3 min. To
assure a homogeneous distribution of the dopant, the samples
were annealed for 1 h at a temperature of 100 ◦C after each
doping step. Our previous investigations demonstrated that
homogeneously intercalated films can be achieved in this way
[23,24]. In order to analyze the doping (intercalation) level, we
estimated the charge that is transferred to the dichalcogenide
layers following the procedure of Campagnoli et al. [31].
This is based on the Drude model, and the doping level x
is calculated by
x = 1 − ω
2
P
ω20
, (2)
with ωP and ω0 being the plasmon position of the actual doped
and pure sample, respectively.
This procedure takes into account that intercalation with
alkali metals results in a doping of the dichalcogenides, which
directly causes a reduction of the plasmon energy (see below).
Starting from half-filled conduction bands in, e.g., undoped
2H -NbSe2, the addition of electrons is expected to lower the
plasmon energy following the equation above within a rigid
band consideration [31], which can be rationalized considering
holes instead of electrons as usually done for hole-doped
semiconductors. Thus an analysis of the energy positions of the
charge carrier plasmons (see Fig. 2 below) directly provides us
with the doping level, and we use the doping levels obtained in
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FIG. 1. Electron energy-loss spectrum of 2H -NbSe2.
this way throughout the rest of this paper. We note that recent
band structure calculations of potassium intercalated TaSe2
have confirmed the results from such an analysis [23].
III. RESULTS AND DISCUSSION
To illustrate the information that is obtained using EELS,
we depict in Fig. 1 the energy-loss spectrum of pure 2H -NbSe2
for an energy range up to 70 eV. The distinctive feature
around 21 eV represents the collective excitation of all valence
electrons, the so-called volume plasmon. At higher energies
shallow core level excitations from Nb 4p (around 31 and
32 eV), and from Se 3d (around 55 eV) contribute to the
spectra. Moreover, multiple scattering contributions can occur
around 42 eV. At about 1 eV there appears a well defined,
relatively sharp feature which is due to the charge-carrier
plasmon. This represents the collective excitation of all the
conduction electrons and it is this feature we want to focus on
in the following. The overall EELS spectra for other 2H -TMD
compounds are very similar to what is seen in Fig. 1 [15,32].
Figure 2 concentrates on the energy region of the charge car-
rier plasmon of intercalated 2H -NaxNbSe2 and 2H -KxNbSe2.
The depicted spectra were normalized between 4 and 5 eV.
Undoped 2H -NbSe2 is characterized by a charge carrier
plasmon centered around 0.9 eV. Upon doping with potassium
or sodium, the plasmon energy continuously shifts to smaller
values, as seen in Fig. 2. The corresponding energy values
have been used to analyze the doping level as discussed in the
previous section. The behavior observed for 2H -NaxNbSe2
and 2H -KxNbSe2 parallels that for 2H -KxTaSe2 published
previously [23,24]. Moreover, Fig. 2 reveals a concomitant
continuous decrease of the spectral width of the plasmon
features upon rising doping level. This continuous decrease of
plasmon position and width strongly indicates a homogeneous
distribution of the potassium and sodium ions in all intercalated
2H -NbSe2 samples, since the formation of stable intercalated
phases with well defined composition would lead to a superpo-
sition of the respective spectral information and the appearance
of double peak or broadened features for intercalation levels
in between the stable stoichiometries. Again, the data and
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FIG. 2. Evolution of the charge carrier plasmon in 2H -NbSe2 as a function of doping with Na and K, respectively.
this conclusion agree well with what has been observed for
potassium doped 2H -TaSe2 [23,24].
Previous work on the dispersion of the charge carrier plas-
mon in 2H -TaSe2, 2H -NbSe2, and 2H -TaS2 has demonstrated
that the plasmons disperse negatively, which is in contrast to
the expectation for the free electron gas and the observation
in many other metallic systems [15,16]. Further experiments
have shown that upon intercalation with potassium and the
induced charging of 2H -TaSe2 the plasmon dispersion changes
dramatically, becoming positive with increasing slopes upon
growing intercalation level [24]. We have extended this
work to intercalation with sodium and intercalating other
dichalcogenides. In Fig. 3, we show the behavior of the
charge carrier plasmon in undoped 2H -NbSe2 as well as
for a selected value of potassium (x = 0.63) and sodium
(x = 0.69) intercalation as a function of momentum transfer.
The negative plasmon dispersion for the undoped case is
nicely confirmed. In very good agreement with the above
mentioned potassium intercalated 2H -TaSe2, the plasmon
dispersion becomes clearly positive for both potassium and
sodium intercalation of 2H -NbSe2.
The evolution of the plasmon dispersion in 2H -NbSe2 as a
function of potassium and sodium intercalation is summarized
in Fig. 4. It becomes clear that the plasmon dispersion
continuously increases with growing intercalation level, i.e.,
with increasing electron addition to the dichalcogenide layers.
For a more quantitative analysis of these data we followed
Ref. [24] and fitted the plasmon dispersion using a linear
dependence up to 0.3 ˚A−1. Such a linear description fits the
measured data very well, although a linear plasmon dispersion
is beyond the expectations for simple electron systems [9,10].
Thus such a linear fit allows one to determine the slope of
the plasmon dispersion in a momentum range of 0.1 ˚A−1 to
0.3 ˚A−1 in a reasonable manner. As already mentioned, this
had already been done for KxTaSe2, and we have carried
out equivalent experiments and analyses for NaxTaSe2 and
NaxTaS2. In Fig. 5 we compare all available results on the
behavior of the plasmon dispersion as a function of doping
of 2H -TaSe2, 2H -TaS2, and 2H -NbSe2 with the alkali metals
potassium and sodium. Additionally included is the dispersion
of a Nb1+xS2 sample, where doping is provided by excess Nb
and where the doping level has been analyzed as described
above.
Our data show that for all combinations of alkali metal
and dichalcogenide the slope of the plasmon dispersion
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FIG. 3. Dispersion of the charge carrier plasmon in undoped as well as selected Na- and K-doped 2H -NbSe2, respectively.
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FIG. 4. Doping dependence of the plasmon dispersion in Na- and K-doped 2H -NbSe2. The data have been obtained by analyzing the
energy position of the plasmon maxima; for a selection see Fig. 3 (for details see text).
continuously increases with increasing doping level. Always
starting from a negative value, it becomes positive around a
doping level x of about 0.15 to 0.25. As mentioned above,
there have been alternative suggestions how to rationalize the
negative plasmon dispersion in the undoped compounds. It
would be interesting to see whether these models would also
be able to describe the doping dependent variations of the
plasmon dispersion.
It has been shown that upon doping of the order of 15% or
less the charge density wave formation in 2H -TMDC systems
can be weakened substantially or even completely suppressed
[23,33,34]. It is thus tempting to place the changes of the
plasmon dispersion into this context. Recalling the already
mentioned semiclassical Ginzburg-Landau approach, where
the negative plasmon dispersion has been associated with
an interaction between charge density fluctuations and the
plasmon resonance [16], this kind of renormalization of the
plasmon dispersion naturally should become weaker or even
disappear upon doping in parallel with the charge density
wave suppression. However, within this framework, it remains
unclear why the slope of plasmon dispersion monotonously
increases upon doping even far above the CDW suppression.
For a homogeneous electron gas, one would actually expect
the plasmon dispersion to become smaller with decreasing
plasmon energy at vanishing momentum [10].
Alternatively, the negative plasmon dispersion in the un-
doped transition metal dichalcogenides has been ascribed to
the particular band structure and the related possible transitions
within the conduction bands with 4d or 5d character. Then, it
is also clear that doping electrons into these bands and shifting
the Fermi level accordingly will have an impact on the plasmon
behavior. Indeed, shifting the Fermi level in such calculations
to simulate a doping effect results in a positive plasmon
dispersion for high doping levels in very good agreement to the
experimental data [17,35]. Therefore, our data more support
the picture that the particular band structure in the 2H -TMD
systems is responsible for the peculiar behavior of the plasmon
dispersion.
Figure 5 reveals another interesting aspect. The data for
the varying slopes of the plasmon dispersion fall into two
categories. They are significantly different for the Nb based
compounds as compared to those containing Ta. In other
words, the doping induced variation of the plasmon dispersion
depends on the orbital character of the conduction bands; it
is different for compounds in which the conduction band is
made up of 4d or 5d states, respectively. This observation
also nicely fits to our conclusion that the conduction bands
and their detailed structure are important to understand the
plasmons and their dispersion.
IV. SUMMARY
We have presented electron energy-loss spectroscopy stud-
ies of various 2H -transition metal dichalcogenides that were
intercalated using the alkali metals potassium and sodium. We
have shown that in all cases this intercalation and the induced
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FIG. 5. Comparison of the slope of the charge carrier plasmon
dispersion as a function of doping for Ta- and Nb-based 2H -transition
metal dichalcogenides.
035110-4
DOPING DEPENDENT PLASMON DISPERSION IN 2H - . . . PHYSICAL REVIEW B 94, 035110 (2016)
charge transfer to the dichalcogenide layers have a dramatic
effect on the plasmon energy and dispersion. The plasmon
energy shifts to lower values with increasing intercalation, a
behavior that is expected as a consequence of the filling of the
conduction bands with electrons. We have used this shift in
order to analyze the corresponding doping level, respectively.
The plasmon dispersion, being initially negative, changes
sign and increases further with increasing doping level.
Moreover, there is strong indication that this increase depends
on the orbital character of the conduction bands; it is larger for
the 5d (Ta-based) compounds than in case of the 4d (Nb-based)
materials. This suggests a particular role of the conduction
bands in the determination of the plasmon dispersion, which
supports explanations of the peculiar plasmon behavior in
undoped and doped dichalcogenides in the framework of the
particular band structure of these materials.
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